Eilatin-containing ruthenium complexes bind to a broad range of different nucleic acids including: calf thymus (CT) DNA, tRNA Phe , polymeric RNAs and DNAs, and viral RNAs including the HIV-1 RRE and TAR. The nucleic acid speci®city of L-and D-[Ru(bpy) 2 eilatin] 2+ have been compared to that of the`free' eilatin ligand, and to the classic intercalating agent ethidium bromide. Interestingly, all four compounds appear to bind to nucleic acids by intercalation, but the trends in nucleic acid binding speci®city are highly diverse. Unlike ethidium bromide, both eilatin and the eilatin-containing coordination complexes bind to certain singlestranded RNAs with high af®nity (K d`1 mM). Eilatin itself is selective for electron-poor polymeric purines, while the eilatin-coordination complexes exhibit preference for the polypyrimidine r(U). These results show how the binding speci®city of an intercalating ligand can change upon its incorporation into an octahedral metal complex.
INTRODUCTION
Octahedral transition metal complexes that contain one or more intercalating ligands have drawn considerable interest due to their potential uses as nucleic acid probes (1±3) and as therapeutic agents (4±6). Their unique photophysical and redox properties have facilitated the study of charge transfer reactions in DNA (7±10). The impact of incorporating an intercalating ligand into an octahedral metal complex is largely unknown. To the best of our knowledge, no side-byside speci®city comparisons of an intercalator to a metal complex containing the same intercalator have previously been made. In this paper, we explore the nucleic acid binding mode and speci®city of two eilatin-containing ruthenium complexes L-[Ru(bpy) 2 eilatin] 2+ (1) and D-[Ru(bpy) 2 eilatin] 2+ (2) . Their binding speci®city is compared to those of the parent heterocyclic eilatin (3) and to ethidium bromide (4) .
Eilatin (3) is a nearly planar, heptacyclic alkaloid that was isolated from the Red Sea tunicate Eudistoma sp. (11) . It is known to possess cytotoxic and antiproliferation activities in a broad range of tissue cultures (12±14). Eilatin is a bi-facial metal chelator. Upon incorporation into octahedral metal complexes of the type [Ru(L) 2 eilatin] 2+ (where L= bpy, phen, etc.), only the less hindered face of eilatin binds to the metal ion ( Fig. 1) (15, 16) . The enantiomerically pure metal complexes L-[Ru(bpy) 2 eilatin] 2+ (1) and D-[Ru(bpy) 2 eilatin] 2+ (2) were synthesized from chiral precursors (16) , and their expected assignments as L and D were con®rmed using circular dichroism spectroscopy (4) . Complexes 1 and 2 inhibit the HIV-1 Rev-RRE interaction in vitro (17) and are inhibitors of HIV replication in certain cell cultures (4) . In previous studies, numerous indirect methods (including ethidium bromide displacement and thermal denaturation) were used to examine the relative DNA and RNA af®nities of 1 and 2 (4, 17) . When compared to similar bipyridyl-containing ruthenium complexes, it was revealed that the eilatin moiety of 1 and 2 is essential to both the nucleic acid binding af®nity and anti-viral activity of these compounds (4) . In this paper we conduct a broad survey of the nucleic acid af®nity and speci®city of the eilatin-containing metal complexes 1 and 2 and compare them to eilatin (3) and to the classic intercalating agent ethidium bromide (4) . These studies indicate that the nucleic acid speci®city of eilatin (3) changes upon its incorporation into octahedral metal complexes, and that all compounds exhibit unique trends in nucleic acid af®nity and speci®city.
MATERIALS AND METHODS

Nucleic acids
A sonicated solution of calf thymus (CT) DNA was purchased from Gibco BRL and quanti®ed in 50 mM sodium phosphate (pH 7.5) using a molecular extinction coef®cient of 13 100 cm ±1 M ±1 per base pair. All other polymeric DNAs and RNAs were purchased from Pharmacia and Sigma-Aldrich, dissolved in 1Q TE, and quanti®ed in 50 mM sodium phosphate (pH 7.5) using the following extinction coef®cients (260 nm): poly (dA)±(dT) = 12 200 cm ±1 M ±1 per base pair, poly (dG)±(dC) = 14 800 cm ±1 M ±1 per base pair, poly (dAT)±(dAT) = 13 300 cm ±1 M ±1 per base pair, poly (dGC)±(dGC) = 16 800 cm ±1 M ±1 per base pair, poly (rA)±Poly (rU) = 14 280 cm ±1 M ±1 per base pair, poly (rG)±Poly (rC) = 14 800 cm ±1 M ±1 per base pair, poly (rI)±(rC) = 10 000 cm ±1 M ±1 per base pair, poly (rA) = 10 500 cm ±1 M ±1 per base, poly (rC) 6200 cm ±1 M ±1 per base, poly (rU) = 9500 cm ±1 M ±1 per base, poly (dA) = 8600 cm ±1 M ±1 per base, poly (dT) = 8520 cm ±1 M ±1 per base, poly (rI) 10 200 cm ±1 M ±1 per base. The oligomeric homopolymers were purchased from Gensetoligos and puri®ed using denaturing PAGE, extraction and multiple rounds of ethanol precipitation. Stock solutions were made in 1Q TE and quanti®ed according to the extinction coef®cients (260 nm) of the corresponding polymer (above). tRNA Phe was purchased from Sigma-Aldrich, dissolved in 1Q TE and quanti®ed in 50 mM sodium phosphate (pH 7.5) at 260 nm using an extinction coef®cient of 733 000 cm ±1 M ±1 . TAR31 and RREJW were transcribed from a synthetic DNA template using T7 RNA polymerase. Transcription products were puri®ed using denaturing PAGE, extraction and multiple rounds of ethanol precipitation. The expected molecular weights of the isolated products were con®rmed using mass spectrometry. The transcripts were quanti®ed in buffer using the following extinction coef®cients: TAR31 = 264 000 cm ±1 M ±1 and RREJW = 276 000 cm ±1 M ±1 . All extinction coef®cients are for the native (non-hydrolyzed) form of each nucleic acid.
Buffer conditions
All titrations (except for the viscosity experiments) were conducted at 22°C in a buffer containing 30 mM HEPES (pH 7.5), KCl (100 mM), sodium phosphate (10 mM), NH 4 OAc (20 mM), guanidinium HCl (20 mM), MgCl 2 (2 mM), NaCl (20 mM), EDTA (0.5 mM) and Nonidet P-40 (0.001%).
Viscosity experiments
The viscosity of a DNA solution was determined by measuring the time needed for it to¯ow through a capillary viscometer. A Cannon-Manning semi-micro size 75 viscometer was submerged in a glass beaker and thermoregulated at 25.9 T 0.1°C. Concentrated stocks (10 mM) of either ethidium (4) or rac-(1/ 2) were titrated into 0.5 ml of buffered solutions (50 mM sodium phosphate pH 7.5) of CT DNA (0.5 mM bases). Flow times ranged from 126.4 T 0.3 s to 160.5 T 0.5 s depending on the concentration of small molecule. The value h is the viscosity of the solution in the presence of a ligand; h o is the viscosity of the DNA-only solution. Viscosity is calculated as h = t ± t o where t is the time for the sample to¯ow through the viscometer and t o is the time measured for the buffer only (114.7 T 0.3 s).
UV-vis titrations
UV-vis spectra were collected using a Hewlett Packard 8452A diode array spectrophotometer. 8 mM of either 1, 2 or 4 in buffer were monitored as small volumes of concentrated nucleic acids were added. The fractional change in absorbance was averaged at multiple wavelengths to calculate each C 50 value. Upon titration of TAR31, RREJW and tRNA Phe , both 1 and 2 exhibited approximately the same spectral changes as observed for CT DNA (Fig. 4) . Signi®cant diversity, however, was observed in the magnitudes of red-shifting and the changes in absorbance upon titration of different polymeric nucleic acids (see Supplementary Material for additional spectral data). Small changes in the absorbance spectrum of ethidium are observed for some nucleic acids. For these particular nucleic acids [poly r(U), poly r(A) and poly r(I)] the increase in¯uorescence intensity of the ethidium bromide solution (upon addition of each nucleic acid) was used to measure binding (Ex 480 nm, Em 606 nm).
Fluorescence titrations
In a Perkin Elmer LS-50B luminescence spectrometer, a dilute solution of eilatin (3) (0.1 mM) in buffer was excited at 417 nm using maximum slit widths. The emission of the solution was monitored at 470 nm as small volumes of highly concentrated nucleic acids were titrated. For all titrations, a small increase in the ®nal volume (`5%) of the sample occured.
RESULTS
Viscometry experiments
Octahedral metal complexes bind to nucleic acids through various non-covalent modes, including: intercalation, nonspeci®c electrostatic association and groove binding (1,7,18± 25) . To probe the binding mode of 1 and 2, the viscosity of a concentrated DNA solution was measured in the presence of increasing concentrations of rac-1/2 (Fig. 2) . In accordance with the hypothesis proposed by Lerman (26) , the viscosity of a DNA solution increases upon the addition of an intercalating agent (27) . Upon intercalation of a small molecule, the axial length of the DNA increases and it becomes more rigid. Both factors increase its frictional coef®cient, and hence, the viscosity of the DNA in solution (27) . Since the change in viscosity should, in theory, be proportional to the change in the axial length of the DNA molecule to the third power (27) , viscosity results are often reported as (h/h o ) 1/3 versus the molar fraction of the ligand, where h is the viscosity of the solution in the presence of a ligand and h o is the viscosity of the DNA-only solution. Cohen and Eisenberg predicted that for an`ideal' intercalating agent, this plot should be linear with a slope of 1.0 (27) . Interestingly, rac-1/2 has a slope of 1.0, and the`classic' intercalating agent ethidium bromide (4) displays a slope of 0.7 (Fig. 2) . Other groups have also observed a slope of less than 1.0 for ethidium (21, 23) . At low ionic strengths, ethidium can bind to DNA by both intercalation and by surface-binding via electrostatic interactions (28) . Compounds that bind to surfaces of duplexes through electrostatic interactions can decrease the viscosity of the nucleic acid solution (29) . This may explain why, under these conditions, viscometric analysis of the ethidium±DNA complex yields a slope signi®cantly lower than 1.0 (Fig. 2, right ). It appears, however, that rac-1/2 ®ts the viscosity pro®le of aǹ ideal' intercalating agent ( Fig. 2) (27) .
Another interesting difference between the eilatincontaining metal complexes (rac-1/2) versus ethidium (4) is apparent in the viscosity titrations (Fig. 2) . The ratio at which the DNA becomes saturated is signi®cantly different for these compounds. Ethidium bromide (4) reaches saturation at~3 ethidium molecules per 10 base pairs of DNA. This value is consistent with ethidium's previously reported binding stoichiometry to CT DNA (30, 31) . This is also the same binding stoichiometry as reported by Haq et al. (20) for the binding of [Ru(phen) 2 DPPZ] 2+ (a metal complex similar to 1 and 2) to CT DNA. For rac-1/2, on the other hand, saturation is reached at much higher ratios (Fig. 2) , indicating a maximum binding stoichiometry of~6 equivalents of ligand for every 10 base pairs of DNA. This is an unusually high binding stoichiometry for such a large metal complex! Only one other example of such a high binding stoichiometry by a metal complex is found in the literature (32). Barton and Lippard report that~6.7 equivalents of [(terpy)Pt(HET)] 1+ are bound per every 10 base pairs of poly r(A)±poly r(U) (32) .
[(terpy)Pt(HET)] 1+ is, however, a square planar metal complex, and the intercalation of this compound into duplex nucleic acids should be much less sterically demanding when compared to 1 and 2.
Eilatin (3) was previously reported to be an intercalating agent because of an apparent increase in its¯uorescence emission intensity upon addition of DNA (14) . It should be noted, however, that some intercalating agents, including 9-amino acridine, have a lower quantum yield when bound to DNA (33) . Unfortunately, the limited water solubility of 3 is not conducive to the use of simple viscometry experiments to examine its binding mode. Intercalation of 3 can, however, be inferred, since [Ru(bpy) 3 ] 2+ does not intercalate into nucleic acids (7), and [Ru(bpy) 2 eilatin] 2+ appears to be an intercalating agent.
Binding studies: 1 and 2 with polymeric nucleic acids
To examine the nucleic acid binding speci®city of 1±4, we have measured the concentration-dependent binding of each compound to a large number of different nucleic acids. A variety of commercially available duplex and single-stranded polymeric nucleic acids, as well as three biologically relevant RNA molecules, have been evaluated (Fig. 3 ). Binding studies have been conducted by monitoring the UV-vis absorbance spectrum of the enantiomerically pure complexes 1 and 2 upon titration of each nucleic acid (see Fig. 4 for a representative titration). Complexes 1 and 2 exhibit multiple electronic transitions in their absorbance spectra that change upon Figure 2 . Changes in the viscosity of a solution of calf thymus DNA with increasing concentrations of ligand. Since the concentration of DNA used in these experiments (0.5 mM) is much higher than the af®nities of these interactions (K d =~5 mM), the saturation points in the curves are sensitive only to the maximum binding stoichiometry of these interactions. A low-salt buffer (50 mM sodium phosphate pH 7.5) was used for these measurements. addition of nucleic acids. The presence of isosbestic points, and saturation at high DNA concentrations, suggests a simple two-state transition between the free and bound ligand (Fig. 4) . By averaging the fractional change in absorbance intensity at multiple wavelengths (as a function of nucleic acid concentration), binding isotherms are generated (Figs 5 and 6) . For most nucleic acids tested, the UV-vis absorbance spectra of both 1 and 2 show changes very similar to those observed upon titration of CT DNA (see Supplementary Material for titrations using other polymeric nucleic acids). The absolute changes in intensity and the degree of red-shifting are slightly different for each nucleic acid tested, but the spectral changes for all reported titrations suggest simple two-state equilibria. The concentration of nucleic acid needed to bind half of each compound (de®ned as the C 50 value) is determined by assuming a linear relationship between its spectral changes and the fraction of ligand bound (Figs 4±6). The C 50 values for 17 different polymeric nucleic acids are summarized in Table 1 . Lower C 50 values indicate a higher af®nity and/or higher binding stoichiometry (Table 1) . Differences in binding stoichiometry can, in principle, make the C 50 values in Table 1 disproportionate to the differences in binding af®nities (K d ). To examine the maximum binding stoichiometries of 1 and 2 to single-stranded and duplex polymeric nucleic acids, the UV-vis absorbance spectrum of a more concentrated solution of 1 or 2 (40 mM) was monitored upon addition of either a single-stranded RNA [poly r(U)] or upon titration of the duplex DNA [poly d(AT)±poly d(AT)] (see Fig. 5 for a representative titration). Since 40 mM of 1 and 2 is a much higher concentration than the binding af®nities of these binding interactions (concentration >>K d ), the association isotherms re¯ect the maximum binding stoichiometry of each nucleic acid (Fig. 5) . Interestingly, a very high stoichiometry for single-stranded polymeric RNA is indicated, where~5 equivalents of 2 are bound per every 10 bases of poly r(U) (the same result is obtained for 1). Surprisingly, this is almost the same stoichiometry as observed for CT DNA (Fig. 2) . Another DNA duplex, poly d(AT)±poly d(AT), also exhibits the same binding stoichiometry for both 1 and 2 (at 5 equivalents per every 10 base pairs). This suggests a very consistent binding stoichiometry of 1 and 2 to these different types of polymeric nucleic acids. We have used the C 50 value for each nucleic acid (Table 1) along with a binding stoichiometry of one molecule of 1 or 2 per two bases (or base pairs) to estimate K d values for the eilatin-containing metal complexes ( Table 2 ). All estimates are equal to the C 50 value divided by the binding stoichiometry, minus half of the total concentration. Issues related to potential sequence-dependent differences in binding stoichiometry as well as the cooperative binding of 1 and 2 to polymeric nucleic acids might, however, in¯uence some of these estimates (Table 2) . Consistent with the results from a solid-phase assay (17) , thermal denaturation (4) and ethidium bromide displacement experiments (4), these`direct' titrations indicate that 1 has a higher af®nity for CT DNA as compared (Table 2) . Interestingly, this is the opposite enantiomeric selectivity as reported for most other metal complex±DNA interactions to date (1,7,19±21) .
Nucleic Acids
The binding isotherms of 1 and 2 for both single-stranded and duplex polymeric nucleic acids suggest positive cooperativity. Titrations using poly r(U) conducted at both 4 and 8 mM of either 1 and 2 ®t well to association isotherms with Hill coef®cients of n = 2 (Fig. 6) . Duplex nucleic acids also show positive cooperativity in their binding of 1 and 2. For example, poly r(A)±r(U) also has a Hill coef®cient of n = 2 for binding to both 1 and 2 (Fig. 6) . All of the`higher af®nity' interactions with polymeric nucleic acids (C 50 < 30 mM, Table 1 ) show some degree of positive cooperativity in their binding of 1 and 2 (Hill coef®cients ranging from~1.5 to 2.2). These cooperative-binding interactions may explain why, for the most part, the short single-stranded oligos exhibit a lower apparent binding af®nity as compared to the corresponding polymers. Poly r(I), for example, has a 20-fold higher af®nity to 1 and 2 as compared to oligo r(I) 15 (Tables 1 and 2 ). 1 and 2 bind to poly r(I) cooperatively (Hill coef®cient = 2), but show 15 6.5 6.5 n.d n.d. (Tables 1 and 2 ). This may re¯ect secondary structure formation in the single-stranded nucleic acids and/or higher order aggregates for some of these interactions.
Binding studies: 1 and 2 to non-polymeric nucleic acids
None of the non-polymeric nucleic acids tested (RREJW, TAR31 and tRNA Phe ) shows signi®cant cooperativity in their binding of 1 and 2 (Hill coef®cients range from 1.1 to 1.4, Fig. 6 ). Scatchard plots can, therefore, be used to examine the average af®nity and stoichiometry of 1 and 2 for binding to these three RNAs ( Fig. 7 and Table 3 ). Non-whole numbers for the binding stoichiometry are obtained for some of these interactions (Table 3 ). This suggests that these RNAs have multiple non-equivalent binding sites that contribute to the binding isotherms. The reported af®nities (K d ), therefore, represent the average af®nity of all the contributing binding sites. The apparent binding stoichiometry of these titrations can change depending upon the absolute concentration of thè ®xed' species (in this case the small molecule) relative to the af®nities of the interactions being studied (34, 35) . Despite these ambiguities in data analysis, similar trends in binding af®nities have been identi®ed using indirect methods (4, 17) . Consistent with Rev peptide and ethidium displacement experiments (4), 1 and 2 have a higher af®nity to the RRE as compared to the TAR (Table 3) . Consistent with results from a novel solid-phase assay (17) 1 and 2 have a higher af®nity to the RRE as compared to tRNA (Table 3) . Unfortunately, due to the limited sensitivity of monitoring changes in UV-vis absorption, it is dif®cult to probe the highest af®nity binding site(s) of 1 and 2 on the RRE. Since these compounds are not luminescent, low mM concentrations are needed to observe their UV-vis absorbance changes upon binding nucleic acids. For example, even if the RRE possesses a 10 nM binding site for 1, it cannot be characterized under these conditions, since the metal complex is at a much higher concentration relative to this theoretical af®nity. This limitation is also re¯ected in some of the C 50 values reported in Table 1 . Since the concentration of 1 and 2 used for these experiments is 8 mM, and the binding stoichiometry is approximately one ligand per every 2 bases (or base pairs), the theoretical minimum C 50 value for all polymeric nucleic acids is~8 mM (Table 1) . We can only report, therefore, that the interaction between poly r(U) and both 1 and 2 exhibit af®nities of K d < 0.5 mM ( Table 2 ). This is, however, an unusually high af®nity for an intercalating agent binding to single-stranded polymeric nucleic acid, and is in stark contrast to ethidium bromide.
Binding studies: ethidium
The classic intercalating agent ethidium bromide (4) has been evaluated for nucleic acid speci®city by monitoring the changes in its UV-vis absorption or emission spectrum upon titration of polymeric nucleic acids (36, 37) . The C 50 values for ethidium are summarized in Table 1 and have been used to estimate K d values (summarized in Table 2 ). These K d estimates assume a binding stoichiometry of 3 molecules of ethidium per 10 bases (or base pairs) of polymeric nucleic acid. This assumption is supported by previous studies that have shown that ethidium binds to many different duplex nucleic acids with a stoichiometry of 3 T 1 molecules ethidium per 10 base pairs (31) . Tables 1 and 2 represent, to the best of our knowledge, the most comprehensive study of ethidium bromide and its af®nity to different nucleic acids. Bresloff and Crothers (31) used equilibrium dialysis to study the binding of ethidium to 12 different nucleic acids, ®ve of which appear in Table 2 . Their studies were conducted using equilibrium dialysis in 1 M NaNO 3 , while our studies are conducted under more physiological conditions. Despite these differences, we report a very similar trend in ethidium af®nity for all ®ve nucleic acids (31) . At much lower ionic strengths (0.010 M), Baguley and Falkenhaug (38) have also reported a very similar trend for all comparable nucleic acids. Interestingly, at lower ionic strengths, somewhat smaller differences in sequence selectivity are observed (38) . Ethidium is sometimes regarded as a non-speci®c intercalating agent (39, 40) . Our studies, however, con®rm that at physiological ionic strength, ethidium is very sensitive to both the sequence and the composition of polymeric nucleic acids. For example, ethidium has a 100-fold higher af®nity to poly d(AT)±poly d(AT) as compared to poly d(A)±poly d(T) (Tables 1 and 2 ). Ethidium exhibits a preference for the alternating purine±pyrimidine tract of poly d(GC)±poly d(CG) as compared to poly d(G)±poly d(C) (Tables 1 and 2 ) (38) . Ethidium is sometimes regarded as being selective for G/C base pairs (41) . Ethidium does, in fact, exhibit a 10-fold higher af®nity to poly d(G)±d(C) over poly d(A)±d(T), but the opposite trend is revealed for duplex RNA, where it has over a 50-fold higher af®nity to poly r(A)±r(U) as compared to poly r(G)±r(C) ( Table 2 ). Nucleic
Binding studies: eilatin (3)
To examine how the nucleic acid speci®city of an intercalating agent changes upon its incorporation into a ruthenium bypyridyl complex, the nucleic acid speci®city of`free' eilatin (3) was also investigated. Unlike the eilatin-containing metal complexes (1 and 2), eilatin itself (3) is highlȳ uorescent and shows dramatic changes in its emission spectrum upon addition of nucleic acids (Fig. 8) . For all nucleic acids tested, a decrease in its emission intensity is observed (similar to Fig. 8 ), allowing C 50 values to be measured (summarized in Table 1 ). Unlike the metal complexes 1 and 2, no evidence for the cooperative binding of eilatin (3) to polymeric nucleic acids has been found. The Hill coef®cients for 3 (as for ethidium bromide) are equal to 1.0 for all titrations conducted. The C 50 values measured for eilatin (3) are not comparable with those determined for 1, 2 and 4 ( Table 1 ). Due to the limited water solubility of 3, the concentration of 3 used for the¯uorescence experiments is 80-fold lower than the concentrations used for the UV-vis titrations of 1, 2 and 4 ( Table 1) . To allow for a more direct comparison of these values, the binding constants of eilatin (3) have been estimated from C 50 values by assuming its binding stoichiometry to the polymeric nucleic acids is similar to those measured for 1 and 2 (at one molecule per every 2 bases or base pairs). The limited solubility of eilatin (3) in water (<3 mM at pH 7.5) makes the independent validation of binding stoichiometry dif®cult to attain. Nonetheless, the estimated K d values presented in Table 2 allow for a much more direct comparison of eilatin (3) to compounds 1, 2 and 4. Any deviation in binding stoichiometry from the estimated values will have a roughly linear effect upon the calculated af®nities. This, combined with the cooperative binding of 1 and 2 to polymeric nucleic acids, makes these K d values approximations only (Table 2 ). Despite this, many interesting trends in nucleic acid speci®city emerge.
Compounds 1±4 compared
The eilatin-containing metal complexes (1 and 2) bind to duplex RNA and DNA with an af®nity range similar to ethidium bromide, but exhibit some differences in sequence selectivity (Tables 1 and 2 ). For example, 2 has an~10-fold higher af®nity for poly d(G)±d(C) as compared to poly d(GC)± d(GC). This is the opposite selectivity as exhibited by ethidium (Table 2) . Similar to ethidium, 1 and 2 have a higher af®nity to poly d(AT)±d(AT) as compared to poly d(A)±d(T) ( Table 1) . Interestingly, all four compounds (1±4) have a much higher af®nity to poly r(A)±r(U) as compared to both poly r(I)±r(C) and r(G)±r(C). This may indicate that some duplex nucleic acids have, in general, a low af®nity for any intercalating agent. Some nucleic acids, on the other hand, are highly sensitive to the identity of the intercalating agent. For example, poly d(A)±d(T), has a low af®nity for ethidium (4), a modest af®nity for the metal complexes (1 and 2) and a very high af®nity for the free eilatin ligand (3) (Tables 1 and 2 ). All four compounds exhibit a moderate selectivity for duplex DNA over duplex RNA. Each compound, for example, has añ 10-fold higher af®nity for poly d(G)±d(C) versus poly r(G)± r(C) ( Table 2) . We conclude that the trends in the nucleic acid selectivity of 1±4 are, for the most part, similar for all the duplex nucleic acids tested. We interpret this as additional evidence that 1±3 bind to duplex nucleic acids via intercalation.
The trends observed for single-stranded versus doublestranded nucleic acids are strikingly different for each compound (Tables 1 and 2 ). In many cases, the eilatincontaining metal complexes exhibit a higher af®nity to singlestranded versus duplex polymers (Tables 1 and 2 ). Very few examples of intercalating agents that exhibit such a high af®nity to single-stranded nucleic acids can be found in the literature (42, 43) . Classic intercalating agents, like ethidium bromide, typically exhibit a 1000-fold lower af®nity for most single-stranded nucleic acids as compared to duplex nucleic acids (Table 2 ). Both eilatin and the eilatin-containing metal complexes, on the other hand, bind to single-stranded nucleic acids with moderate to high af®nity. In addition, these compounds exhibit very different trends in speci®city. Eilatin (3) exhibits a high degree of differentiation among the three homopurine single-stranded nucleic acids [poly r(I) > poly r(G) > poly r(A)]. This suggests a preference for electronpoor purines. Interestingly, both`free' eilatin (3) and ethidium (4) show similar preferences for single-stranded purines, while the eilatin-containing metal complexes 1 and 2 exhibit the highest af®nity to the single-stranded pyrimidine poly r[U]. Indeed, the incorporation of eilatin (3) into the complexes 1 and 2 increases its af®nity to poly r[U] by >2000-fold ( Table 2 ). The ability of the metal complexes to bind to poly r[U] cooperatively may explain their high apparent af®nity (K d < 0.5 mM). On the other hand, no evidence for the cooperative binding of 3 or 4 by any of the nucleic acids tested is apparent by Hill analysis. Tables 1 and 2 contain other examples of how the nucleic acid speci®city of an intercalating ligand can change upon its incorporation into an octahedral metal complex. For the most part, eilatin (3) has a higher af®nity to both DNA and RNA duplexes as compared to 1 and 2 ( Table 2) . A notable exception is poly d(AT)±poly d(AT), to which 1 and 2 have añ 5-fold higher af®nity as compared to 3 (Table 2) . Interestingly, the eilatin-containing metal complexes (1 and Figure 8 . Changes in the¯uorescence emission spectrum of a 0.1 mM solution of eilatin (3) upon addition of CT DNA. Excitation is at 417 nm. Nearly identical changes are seen for all other nucleic acids tested. Eilatin's limited water solubility (<3 mM at pH 7.5) prevents titrations that would be directly comparable to those conducted for 1 and 2 (Figs 4±6).
2) have a higher af®nity for poly d(AT)±poly d(AT) as compared to poly d(A)±poly d(T), while eilatin (3) has the opposite selectivity (Table 2 ). It appears, therefore, that the sequence speci®city of an intercalating agent is fairly plastic and can be changed by its incorporation into an octahedral metal complex.
To the best of our knowledge, only one other group has examined the nucleic acid af®nity of eilatin (3), and they reported very different results compared to ours (14) . Ethidium bromide displacement experiments from CT DNA were conducted, but only a low af®nity to 3 was suggested (IC 50 > 100 mM) (14) . The limited solubility of eilatin (<3 mM in water) may explain this result. The same report also used uorescence-based experiments to monitor the changes of a solution of 3 as a function of CT DNA (14) . They showed an apparent increase in the¯uorescence intensity of eilatin upon addition of CT DNA (14) . We found, however, a dramatic decrease for all nucleic acids tested (Fig. 8) . In the previous study, the sample was both excited and monitored at 520 nm (14) . Eilatin (3) shows no absorption at this wavelength (11) . In addition, since the sample was excited and monitored at the same wavelength, the`increase in emission' from the eilatin solution was most likely due to increased light scattering upon addition of CT DNA (14) . This is a well-documented effect (44) , and appears in our data as a shoulder below 450 nm (Fig. 8) , which exhibits a non-saturatable increase with each addition of CT DNA.
Interestingly, we have found that eilatin (3) exhibits a high apparent af®nity to the RRE (K d = 130 nM), but it does not displace the Rev peptide from the RRE (through its solubility limit in water) (35) . 1 and 2, on the other hand, are freely soluble in water, bind to the RRE and displace Rev with inhibitory activities that are similar to their RRE binding constants (Table 3 ) (35) . It is possible that the steric bulk provided by the Ru(bpy) 2 moiety is needed to displace Rev. Alternatively, 1 and 2 may bind to the RRE at different locations than 3. There is some evidence for the latter possibility. In terms of RNA selectivity, 1 and 2 have a higher apparent af®nity for single-stranded RNAs as compared to duplex polymeric RNAs, while 3 has the opposite selectivity. Since most natural RNAs, including the RRE, have bulged regions and other structural features with single-stranded characteristics, it is possible that 1 and 2 preferentially bind to these regions. 1 and 2 may, therefore, bind to the internal bulge of the RRE, which serves as the Rev binding site (Fig. 3) . This G-rich bulge is known to possess single-stranded characteristics in the absence of Rev (45) . Indeed, preliminary experiments indicate that the mutation of the bases in this bulge affects the af®nity of 1 and 2 to the RRE (46) . Taken together, this may indicate the internal bulge of the RRE is the preferred binding site of 1 and 2, while 3 prefers duplex regions of the RRE.
CONCLUSION
Eilatin-containing metal complexes represent a new family of compounds with unusual nucleic acid binding speci®city. The eilatin ligand is essential for nucleic acid binding and the anti-HIV activity of these compounds, but the metal-free ligand exhibits dramatically different trends in nucleic acid speci®city as compared to the eilatin-containing coordination complexes. Due to their unusual trends in enantiomeric selectivity, high single-stranded nucleic acid binding af®nity and diverse sequence speci®city, the eilatin-containing metal complexes are two of the most unusual metallo intercalators characterized to date.
